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We have revealed the origin of typical extended defects in semiconductor heterostructures with
heterovalent interfaces, namely pairs of stacking faults in pseudomorphic ZnSe epitaxial layers
grown on a GaAs~001! substrate. We have taken structural images of the defects by means of
high-resolution transmission electron microscopy. Analyzing the images combined with
first-principles energy calculations, we have clarified the atomistic structure of the extended defects:
An intrinsic stacking fault on ~111! intersects the other one on (111¯) on the interface between the
epitaxial layer and the substrate, forming an intersecting line along @11¯0# . Around the intersecting
line, we have found that Ga, As, and Se atoms form the specific reconstructed structure with
relatively low formation energy, which corresponds well to a reconstructed surface structure on
GaAs~001! with excess As and additional Se atoms. We have therefore attributed the stability of
extended defects to the reconstructed surface structure on the substrate formed before epitaxial
growth. © 2003 American Institute of Physics. @DOI: 10.1063/1.1587883#One of the crucial issues in semiconductor electronics is
to control electronic properties of semiconductor heterostruc-
tures through the modification of local atomistic structures
around their interfaces. Among them, the fabrication of het-
erostructures with heterovalent interfaces has recently at-
tracted attention, since we can form a variety of neutral or
charged interfaces through the reconstructions around the in-
terfaces. It is shown that, for example, valence-band offset of
a heterostructure is tunable as a result of a change in the
atomic composition on its interface,1 and such a heterostruc-
ture is usable for future spintronics devices,2,3 etc.
Besides two-dimensional reconstructed structures, three-
dimensional ones are frequently formed during epitaxial
crystal growth. These extended defects, usually originating
in heterovalent interfaces, are often not simple misfit dislo-
cations but more complicated. Since the three-dimensional
structures may be varied in many ways, some of them exhibit
useful properties such as quantum confinement4 or occasion-
ally cause degradation of device products made of the epi-
taxial layers. In fact, ZnSe-based laser diodes, grown on a
GaAs substrate, suffer from short lifetimes due to the high
density of dislocation networks, which are nucleated near the
extended defects during laser operation.5 Among extended
defects, pairs of stacking faults ~SFs! in a II–VI compound
have been long studied, since they frequently appear in epi-
taxial layers of various II–VI compounds whenever they are
grown on substrates of a III–V compound, forming heterova-
lent interfaces. For instance, the formation process of the
defects has been extensively examined in ZnSe on GaAs,5–8
etc. Nevertheless, the origin of the defects has remained un-
clear. In the present letter, we have taken structure images of
the defect in ZnSe on GaAs by means of high-resolution
transmission electron microscopy ~HRTEM!. By analyzing
the HRTEM images combined with first-principles energy
calculations, we have concluded that the defects can be sta-
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before epitaxial growth. Our finding may lead to an under-
standing of the formation mechanism of three-dimensional
heterovalent structures and the fabrication of future device
products.
ZnSe epitaxial layers were grown by solid source
molecular-beam epitaxy ~MBE!, using a VG-80 MBE cham-
ber that is designed especially for the growth of II–VI com-
pounds. Prior to growth, GaAs~001! substrates were heated
in the chamber at about 923 K for 300 s to remove native
oxides on the substrates. ZnSe layers were directly grown on
the substrates while, in the usual processes of epitaxial
growth, a homoepitaxial buffer layer is grown prior to the
growth of the layers. It is known that deoxidized ~001! sur-
faces of GaAs9 have the same structure as the surfaces of
homoepitaxial layers grown on GaAs~001!, namely the
~234! reconstructed surfaces.10 In fact, we confirmed that
the reconstructed structure is formed on the substrates by
means of reflection high-energy electron diffraction. The
substrates were exposed to both Zn and Se fluxes simulta-
neously at about 573 K. The ratio of Zn/Se fluxes was esti-
mated to be about 1:2. The deposition rate was about 0.016
nm s21. We grew ZnSe layers thinner than the critical thick-
ness of misfit dislocation ~about 100 nm!,11 so they include
only the defects of interest. Using a JEOL JEM-2010 elec-
tron microscope operated at 200 kV ~the spherical aberration,
Cs50.5 mm!, we estimated the thickness of each layer and
examined the structure of the defects by means of post-
growth cross-sectional transmission electron microscopy
~TEM!.
Pairs of SFs lying on ~111! and (111¯) @labeled as ‘‘Va’’
in Fig. 1~a!# or lying on (1¯11) and (11¯1) @labeled as ‘‘Vb’’
in Fig. 1~a!# are introduced in layers whenever their thick-
nesses exceed about 30 nm. A SF intersects the other of the
pair, making the intersecting line nearly along @11¯0# or
@110#, respectively, for Va- or Vb-type pairs. The interesting
lines are longer than about 10 nm or shorter than about 5 nm,© 2003 American Institute of Physics
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much less in the layers grown in our experimental condition.
Therefore, we focused on the majority pairs, i.e., Va-type
pairs in TEM observations. As shown in Fig. 1~b!, the inter-
sections are close to the interface between the ZnSe layer and
the GaAs substrate.
Observing the SFs by means of HRTEM with both their
habit planes and intersecting line parallel to the incident elec-
tron beam, i.e., the @1¯10# or @11¯0# direction, we pursued the
atomistic structure of the defects. Previous HRTEM6–8 im-
ages of the defects, taken in a relatively thick part of a speci-
men, exhibit complicated projections of extended defects
embedded in perfect crystal, by which the structural studies
are virtually impossible. In the present study, we carefully
removed the perfect crystal near extended defects by me-
chanical dimpling followed by Ar-ion etching, so they pen-
etrate through a foil thinner than about a few ten of nanom-
eters. Figure 2~a! shows a HRTEM image of a defect in such
a thin foil. Clearly, we can observe the intrinsic SFs lying on
~111! and (111¯) and the end-on view of their intersecting
line. Since we took HRTEM images near the Scherzer defo-
cus condition, it is reasonable to assign dark regions in the
image to higher projected potential resulting from atoms. Ac-
cording to the assignment, we can construct a raw model of
atomistic columns as shown in Fig. 2~b!. HRTEM images
were simulated via standard procedures and a typical one is
presented in Fig. 2~c!. The image is based on the final model
as described later and fits well with the observed one. Since
conventional HRTEM images are rather insensitive to atomic
compositions, we leave two ambiguities in the raw model,
i.e., the exact location of the planar ZnSe/GaAs interface and
the distribution of atoms on the intersecting line. We intend
to remove these ambiguities by the aid of first-principle en-
ergy calculations later on. We can surely distinguish the col-
umns of Zn or Ga from those of Se or As in perfect crystal as
depicted in Fig. 2~b!, since the crystal polarity of both ZnSe
layers and GaAs substrates is simply determined by means of
convergent-beam electron diffraction.12 We performed an
energy-dispersive x-ray ~EDX! analysis to determine the av-
eraged atomic compositions on and off both the ZnSe/GaAs
FIG. 1. ~a! The plan-view and ~b! a cross-sectional images of a ZnSe layer
grown on GaAs ~100!. The layer-thickness is estimated to be 70 nm.
FIG. 2. ~a! A HRTEM image of a pair of SFs. ~b! A projection of the raw
model of the defect is superimposed on ~a!. Filled circles represent the
atomic sites of Se or As, and open circles represent those of Zn or Ga. The
distribution of constituent atoms is further refined, and the final model is
shown in a perspective view in Fig. 4~a!. ~c! A simulated HRTEM image of
the final model. The specimen thickness is 4 nm, and the amount of defocus
is 236 nm.
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electron probe was of about 3 nm in diameter. The atomic
compositions were estimated to be almost the same within an
experimental error ~in the order of 10%!, so we can rule out
that the defects originate in large precipitates, such as As
clusters on the interface.
We have made supercells that represent a heterovalent
interface with a pair of SFs ~Fig. 3!. First, we examine the
location of a pair of SFs in relation to the interface on ~001!.
In the actual procedure, we made seven supercells, shifting
the interfacial plane along @001# with a pair of SFs located in
the central part of supercells. Since the numbers of II, III, V,
and VI element atoms are varied in these supercells, we have
also made the corresponding seven supercells with no SFs of
the same compositions, as summarized in Fig. 3~a!. The lo-
cations of the interface in these supercells are indicated by
the alphabets in Figs. 3~a! and 3~b!. Prior to electronic cal-
culation, the lattice constants of the supercells were deter-
mined by energy minimization procedures using the Keating
potential.13 We have further performed energy minimization
calculations, using an algorism14 with a pseudopotential.15
Then, we estimated the difference between the total energy
of a relaxed heterostructure with SFs and the corresponding
one without SFs of the same compositions. We define the
defect energy, Ed, as the energy difference divided by the
total number of atoms in a supercell, i.e., 90 atoms. The
lower the defect energy, the more stable the heterostructure
with SFs. Figure 3~b! shows the most stable supercells with
Ed50.050 eV¯ . The interface, whose location is designated
by D, consists of facing the Ga~001! and Se~001! planes, and
the two SFs are terminated between the Zn~001! and Se~001!
planes. Ed of a similar small amount ~0.054 eV! is obtained
on the interface, designated by E, which consists of facing
the Zn~001! and As~001! planes with SFs terminated be-
tween the Zn~001! and As~001! planes. Except for the two
supercells, Ed is rather high, as summarized in Fig. 3~c!. We
have concluded that a pair of SFs is more stabilized when
they terminate close to the ZnSe/GaAs interface rather than
inside ZnSe layers or GaAs substrates.
We now impose slight fluctuations of compositions
nearby both the interface and the intersection in the most
stable atomistic model shown in Fig. 3~b!. We substitute As
atoms for a part of Se atoms on the interface atomic plane
denoted by D in Fig. 3~b!. We did not replace Ga atoms on
the interface with Zn atoms, since this apparently lead to
unstable interfaces in which the intersection between two
SFs is apart from the interface. We have found that Ed
reaches the lowest value ~0.042 eV! when we replace Se
atoms with As atoms just along the intersecting line @Fig.
4~a!#: As atoms substitute for Se atoms, designated by 3 to 6
FIG. 3. ~a! Supercells that include a flat ZnSe/GaAs interface on ~001! and
~b! those further include a pair of SFs. We provide seven sets of supercells.
The location of the interfacial plane is designated by the alphabets. In this
drawing, the interface plane, designated by D consists of facing Ga ~001!
and Se~001! planes. ~c! Ed vs the location of the interface. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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caused by the reduction of excess electrons at the interface,
since the final model is neutral. Otherwise, the interface is
charged in some extent, and accordingly Ed is rather high
@Fig. 4~c!#.
We now examine the final model briefly. Suppose we
ignore Zn and Se atoms in Fig. 4~a!, then the ~234! surface
structure on GaAs ~001!9 emerges: Pairs of As-dimer rows
arrange along @11¯0# accompanied with pairs of rows of
missing As dimers along the same direction. As mentioned
before, the structure was most probably formed on our pre-
growth substrates. It is known that, at the early stage of ep-
itaxial growth,16 Se atoms deposited on a GaAs ~001!-~234!
surface are preferentially adsorbed at the missing As-dimer
sites, leaving existing As dimers as they are. This somewhat
corresponds to the final model of the intersecting line. The
similar atomic arrangement is also conjectured in a theoreti-
cal study on a rather simple ZnSe/GaAs interface17 without
SFs.
It is noteworthy that each SF appears to originate in the
As-dimer row. More precisely to say, the intersection of SFs
can only be accommodated fully with a pair of As rows
along @1¯10# . On the other hand, suppose a pair of SFs rotate
along @001# by a right angle, then a Vb-type pair is formed
with a different atomistic arrangement along the intersecting
line, since the GaAs ~001! surface holds no four-fold sym-
metry. After examining possible structures of the intersecting
line of a Vb-type pair, we obtained only charged ones with
reasonable bond topology, which are presumably unstable.
This accounts well for both the rare appearance and the
smaller length of the intersecting line of Vb-type pairs, as
seen in Fig. 1~a!. We have therefore concluded that a pair of
SFs originates in the reconstructed structure that appears on a
substrate surface before epitaxial growth. The anisotropic
stability of pairs of SFs is discussed in detail elsewhere.18
Finally, we briefly speculate about the actual formation
process of pairs of SFs. Neither extended defects nor pairs of
SFs are observed in epitaxial layers thinner than about 30
nm, as mentioned herein. Clearly, pairs of SFs do not origi-
nate in lattice imperfections such as As precipitates at the
interface. Alternatively, it is very likely that they are intro-
duced from the growth surface of a layer. It is known that
simple misfit dislocations are observed in layers thicker than
100 nm, surely accommodating the compression stress in the
layer arising from the misfits between ZnSe and GaAs. We
realize that pair of SFs, introduced in a layer of intermediate
thickness that ranges from 30 to 100 nm, also significantly
reduces the compression stress in a layer as well as misfit
FIG. 4. ~a! The most stable ZnSe/GaAs interface with a pair of SFs. ~c! Ed
energies for various structures, which are derived by substituting As atoms
partially for Se atoms, denoted by the numbers in ~b!, on Se ~001! at the
interface. The dashed line indicates Ed of the energetically favorable but
unreconstructed flat ~001! interface, shown in Fig. 3~b!.Downloaded 16 Feb 2010 to 130.34.135.83. Redistribution subject todislocations. In fact, the perfect crystals in both sides of the
SFs are displaced by one third @110#. Given that vacancies
and antisite defects may be introduced in a layer at an early
stage of epitaxial growth and consequently produce local
roughness on the growth surface,17 we consider that pairs of
SFs are introduced from the rough growth surface whenever
the thickness of a layer exceeds 30 nm. In a more plausible
formation process, a half loop of a perfect dislocation is in-
troduced on a rough growth surface, reducing the roughness-
induced strain, as in SiGe epilayers.19 The loop may move
and arrive at a pair of the As rows on the interface, and then
it transforms into the partial dislocations which extend
around a pair of SFs with the intersecting line being ener-
getically favorable.
In conclusion, we have studied typical extended defects
that have been long studied in pseudomorphic ZnSe epitaxial
layers, namely pairs of SFs. We have shown that they most
probably originate in the reconstructed structure on a
GaAs~001! substrate before epitaxial growth. Examining the
formation mechanism of the defects, we can now suggest
that the formation of extended defects in heteroepitaxial lay-
ers may be controllable in various ways whenever we modify
the surface structure on a pregrowth substrate. Our finding
may open a route to form extended defects with useful func-
tions, such as SFs acting as quantum wells.4
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